We report a demonstration of a small liquid-filled polymer lens that may be used to dynamically provide scanning depth focus for endoscopic optical coherence tomography ͑OCT͒ applications. The focal depth of the lens is controlled by changing the hydraulic pressure within the lens, enabling dynamic focal depth control without the need for articulated parts. The 1 mm diameter lens is shown to have resolving power of 5 µm, and can enable depth scans of 2. 4 One particularly attractive strategy to realize the microscopic imaging applications is to place a miniaturized OCT optical system at the end of a small probe, allowing one to perform minimally invasive cellular imaging in vivo. Such a high-resolution micro-OCT device could be used to perform optical biopsies in the gastrointestinal tract to compliment imaging performed by conventional endoscopy. To this end, a number of miniaturization efforts have been initiated by researchers attempting to place a scanning system at the end of an optical fiber. Such efforts have utilized thermally actuated micromirrors, 5 electrostatically actuated micromirrors, 6 and rotating microelectromechanical system probes 7 to scan the OCT beam over the region of interest. While these approaches have demonstrated some promise, they lack the ability to adjust their focal depth. Thus, the OCT endoscopist must predetermine the scan depth before inserting the probe, then hope that the targeted region contains structure of interest.
We report a demonstration of a small liquid-filled polymer lens that may be used to dynamically provide scanning depth focus for endoscopic optical coherence tomography ͑OCT͒ applications. The focal depth of the lens is controlled by changing the hydraulic pressure within the lens, enabling dynamic focal depth control without the need for articulated parts. The 1 mm diameter lens is shown to have resolving power of 5 µm, and can enable depth scans of 2.5 mm, making it suitable for use with OCT-enabled optical biopsy applications. © 2005 American Institute of Physics . ͓DOI: 10.1063/1.1879096͔
Optical coherence tomography ͑OCT͒ is an imaging technique capable of producing cross-sectional images of biological tissue. 1 OCT has been applied to image a variety of medically significant tissue, including eyes, skin, teeth, gastrointestinal tracts, respiratory tracts, genitourinary tracts, and urinary bladders. 2, 3 Recent advancements in OCT technology have yielded systems with resolutions of a few microns, allowing OCT to be considered for the microscopic analysis of tissue. 4 One particularly attractive strategy to realize the microscopic imaging applications is to place a miniaturized OCT optical system at the end of a small probe, allowing one to perform minimally invasive cellular imaging in vivo. Such a high-resolution micro-OCT device could be used to perform optical biopsies in the gastrointestinal tract to compliment imaging performed by conventional endoscopy. To this end, a number of miniaturization efforts have been initiated by researchers attempting to place a scanning system at the end of an optical fiber. Such efforts have utilized thermally actuated micromirrors, 5 electrostatically actuated micromirrors, 6 and rotating microelectromechanical system probes 7 to scan the OCT beam over the region of interest. While these approaches have demonstrated some promise, they lack the ability to adjust their focal depth. Thus, the OCT endoscopist must predetermine the scan depth before inserting the probe, then hope that the targeted region contains structure of interest.
The difficulty in adjusting the focal depth comes primarily from the fact that a fixed lens system is used in the probe. In order to change the focal point, the lenses would need to be moved with respect to each other. Qi et al. 8 demonstrated the ability to dynamically change focal depth by moving a mirror with respect to the imaging lens, thereby changing the fraction of the focal path that is directed into the tissue. In this letter, we demonstrate an alternative method for dynamically changing the focus of an OCT probe by hydraulically deforming a small liquid-filled polymer lens. The resulting change in curvature modifies the focus length of the lens. The method is robust and requires no articulating parts. Moreover, the hydraulic lens is relatively easy to manufacture and can be made very small.
Microfluidics-enabled liquid-filled polymer lenses were manufactured with silicon and poly-dimethylsiloxane ͑PDMS͒ using standard and hybrid manufacturing techniques. Their design is shown in Fig. 1 , which can be fabricated by methods similar to the works of others. [9] [10] [11] First, microfluidic actuation channels were patterned on a 0.55 mm thick polished silicon wafer. Channels, 100 m ϫ 100 m, were then etched using deep reactive ion etching ͑DRIE͒. A second pattern containing holes of 1 mm diameter and the outline of the probe structure was patterned over the channels. The holes were then milled through the silicon using DRIE and the devices were released. This completed the fabrication of the lens support structure. A second polished silicon wafer was prepared by first spin coating 6 µm of AZ4620 photoresist, then curing in a process oven at 95°C. A thin layer of degassed PDMS ͑Sylgard 184, Dow Corning, Midland, MI͒ was spun over the photoresist-coated wafer at 2500 rpm and cured at 50°C for 4 h. After curing, the PDMS layer was exposed to oxygen plasma ͑200 mTorr, 100 W, 20 s͒ to activate the surface. It was then pressed against the silicon support structure and allowed to bond irreversibly. The result was a thin membrane of PDMS, measured to be 20 µm thick by a profilometer ͑KLA-Tencor, San Jose, CA͒, that completely sealed the 1 mm silicon hole. The back side of the silicon part was sealed using crystal clear tape ͑Henkel Consumer Adhesives, Inc., Avon, Ohio͒ then filled with fil- tered distilled water. A microfluidic opening allowed gas to escape when filling. Once the lens chamber had been filled, the opening was sealed with epoxy.
Lens actuation was performed by the use of a small water-filled tube that was connected to the lens device. The lens was readily deformed by applying pressure to the water line ͑e.g., by pressing the tubing͒. For the purpose of performing experiments, the tube was attached to a larger container which was filled with water and raised to different heights in order to provide a controlled well-measured pressure. The larger container made filling easier and reduced the effect of any surface tension adding to the hydraulic pressure.
Lens shape and focal length were measured as a function of pressure. Lens shape was determined through the use of an inspection microscope that imaged the lens at ϳ86°with respect to the normal. The outline of the lens shape for different pressures was digitally imaged then traced using software ͑Precision Image Digitizer 1.0, Michael Robinson, Sheldon, CT, www.elegantpie.com͒. Focal point was measured by directing collimated laser light through the lens and determining where the intensity measured by a photodetector to be greatest from a reflecting surface positioned in front of the lens. Data for the lens tests are shown in Figs. 2͑a͒ and  2͑b͒ , and are compared with the theoretical formula from Sheplak and Dugundji, 12 W = kp͑1− 2 ͒, where W=membrane deflection, p=applied pressure, =relative distance from membrane center to edge, and k is a constant that depends on initial tension, thickness, and modulus of the membrane. The calculated results are superimposed with the measured data; it is clear that the device response matches the theoretically expected result.
The hydraulic polymer lens system was used to replace a microscope objective in an existing OCT setup. Broadband 1310 nm light from a single-mode optical fiber was directed through a collimating lens ͑diameter 6 mm, focal length 10 mm͒ to produce a beam of 2.2 mm diameter. The small polymer lens was placed downstream of the collimator enabling the beam to be focused at different focal points, depending on the hydraulic pressure in the lens. Since the lens is smaller than the beam width, we anticipate some loss of resolution due to a reduction in illumination and the generation of an Airy pattern. The modified OCT system was then used to image a resolution target with 50 lines per millimeter ͑20 µm line pitch͒ with the focal length of the lens set to approximately 3 mm. The 10 µm lines and gaps of the chrome mask plate were readily imaged, as seen in Fig. 2͑c͒ . We estimate an imaging resolution of ϳ5 m for the lens, based on this image.
To test the ability to measure varying focal depths, a small glass tube ͑2.0 mm inner diameter, 2.4 mm outer diameter͒ was filled with water containing 0.11 µm beads. The tube was then imaged with the OCT system using different hydraulic pressures on the lens. Images of the measurement are shown in Fig. 3 . A focus band is clearly seen to move down the tube in successive images, showing the ability to focus the OCT optics to different depths within the tube. The total depth scan was 2.5 mm; depth of focus ͑as seen by the focal band͒ is 330 µm.
We report the demonstration of a small liquid-filled polymer lens that may be used to provide dynamic scanning depth focus for endoscopic OCT applications. The lens and microfluidic assembly may be made small enough to fit at the end of an endoscopic probe. Our results indicate that the system can be fabricated with good optical quality, making it suitable for OCT-based optical biopsy applications. This work was supported by research grants awarded from the National Science Foundation ͑No. BES-86924͒, DARPA Bioflips ͑No. N66001-01-C8014͒, and National Institute of Health ͑Nos. EB-00293, NCI-91717, and RR-01192͒. Institute support from the Air Force Office of Scientific Research ͑No. F49620-00-1-0371͒, and the Beckman Laser Institute Endowment is also gratefully acknowledged. 
